patients have been reported previously with intestinal malabsorption of the sterically similar monosaccharides D-glucose and D-galactose (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The familial nature of this disease was first determined by Lindquist and Meeuwisse in a study of one large Swedish family (2, 14, 15) . They found first or second cousin relationships in three out of four patients, several instances 'of consanguineous matings, and six deaths caused by idiopathic diarrhea in siblings of affected patients. Subsequent authors have noted similar findings. No direct parent to child transmission has been reported and both sexes have been affected. Several cases demonstrated glycosuria (12) . These previous observations suggested that the glucose-galactose malabsorption syndrome was inherited as an autosomal recessive trait in which both the kidney and intestine expressed an abnormality in glucose transport. However, no systematic studies of the mutant glucose transport processes have been undertaken in families affected with this disorder to test this genetic hypothesis.
In the' present study, jejunal biopsy specimens were obtained and studied in vitro. To define the mode of inheritance of glucose-galactose malabsorption, several parameters of glucose tarnsport were studied in a 3 yr old girl, her parents, brother, and half sister. Glucose transport by normal human intestinal mucosa was characterized and compared to that in the patient and her family.
Like the jejunal epithelial cell, proximal renal tubular epithelium is differentiated histologically and functionally for the transport process. Three previously reported inherited! diseases of amino acid transport have associated defects in the kidney and intestine (16) (17) (18) . Therefore, in vivo renal glucose transport was also investigated by using renal glucose titration techniques to determine whether an intestinal defect was accompanied by impaired renal glucose transport.
METHODS
Patients studied. The proband, patient II-9 ( Fig. 1) was the subject of a previous clinical report (13) . Her clinical history included the onset of refractory diarrhea at 3 days of age which remitted only on a diet free of glucose and galactose. Carbohydrate was supplied as D-fructose, a monosaccharide transported by a different mechanism. Subsequent oral hexose tolerance tests confirmed that D-glucose and D-galactose were malabsorbed, but that D-xylose and D-fructose were absorbed normally. She was 3 yr old at the time of the present study. Although growth and development were proceeding normally on the glucose-free, fructose-supplemented diet, dietary glucose challenges continued to produce profuse watery diarrhea. The family history revealed that a sister, subject II-7, had died 2 yr earlier at 17 days of age of refractory diarrhea. The mother bore six normal children by a previous marriage, but her present marriage resulted in three children, two of whom were clinically affected. Intestinal and renal glucose transport was investigated in the proband (II-9), her asymptomatic 5 yr old brother (II-8), her parents (I-2, I-3), and her half sister (II-2). A total of 16 normal volunteers were also admitted to the Pediatric or Adult Clinical Research Center of the YaleNew Haven Hospital for intestinal or renal transport studies. Each patient was informed in detail of the investigative nature of the study and the procedures to be performed. In the proband (II-9) an oral glucose tolerance test (1.75 g/kg) resulted in watery diarrhea containing large amounts of glucose and an absent rise in blood glucose. Her intravenous glucose tolerance test and an oral D-xylose test were normal (19) . Normal oral hexose tolerance tests were found in other family members.
Transport of glucose by human jejunal mucosa. A normal hematocrit, prothrombin time, partial thromboplastin time, and platelet count were obtained before accepting volunteers or patients for intestinal biopsy. In adults the Quinton 7 mm hydraulic intestinal multibiopsy apparatus 1 was used (20) . The tube was swallowed and its tip placed at the ligament of Treitz under fluoroscopic control. 20 2-3 mg specimens of jejunal mucosa were obtained and placed in chilled KrebsRinger bicarbonate buffer for no more than 45 min before initiating transport studies. A Rubin tube was used in the proband and her brother, and four to eight jejunal specimens were obtained. Single biopsy specimens were placed in 2.0 ml of fresh buffer (pH 7.4) containing 2.0 mM D-glUcose-U-'4C. The flasks were gassed with 95% 02-5% C02 and incubated at 37°C for 5, 10, 30, or 60 min in a Dubnoff metabolic shaker. Specimens were incubated in separate flasks with D-fructose-U-`4C (2.0 mM) for 30 min. At the termination of the incubation, tissues were rinsed, weighed, and homogenized in 1.0 ml of a balanced barium hydroxide and zinc sulfate solution. Tissue homogenates were then centrifuged at 20,000 rpm for 10 min in a Sorvall RC-2B centrifuge.2 Aliquots of medium were also precipitated with barium hydroxide and zinc sulfate. 0.2 ml of clear supernatant from tissues and media was prepared for liquid scintillation spectrometry. The distribution ratio of D-glucose-'4C or D-fructose-'4C (counts per minute per milliliter of extracellular fluid divided by counts per minute per milliliter of intracellular fluid) was calculated using previously described methods and tissue spaces (16) . 0.5 ml of tissue and medium supernatant were analyzed for true glucose using a modified micromethod for glucose oxidase which 'Quinton Instruments, Seattle, Wash. 2 Sorvall, Inc., Norwalk, Conn. mm. The velocity of uptake was calculated from the distribution ratio, apparent diffusion constant (KD), and medium concentration (Af) using previously described techniques (22) . The mean velocity of uptake from at least six observations at each substrate concentration was plotted for controls and compared to the mean velocities obtained in the parents *(I-2, I-3) and half sister Renal glucose titration studies. Seven normal volunteers, the proband (II-9), her brother (II-8), and her parents (I-2, 1-3) underwent renal glucose titration studies using previously described techniques (24) . After an overnight fast, each patient was given enough water to achieve a urinary flow rate of 10-20 ml/min. The children were sedated with meperidine hydrochloride (Demerol)6 (1.5 mg/kg) and hydroxyzine (Vistaril)7 (30 intracellular catabolism of glucose by this tissue preparation is much slower than the rate of transport, and justify the use of radioisotopic methods in further kinetic analyses of the transport mechanism. The effect of certain metabolic inhibitors, and of the sodium ion of D-glucose transport by mucosa from normal volunteers is described in Table I . Marked inhibition of D-glucose accumulation was found when incubation Glucose transport by jejunal mucosa in glucose-galactose malabsorption. Jejunal biopsy specimens obtained from the child with glucose-galactose malabsorption and her family members were incubated in 2 mM D-glucose-"4C. The distribution ratios for each individual were calculated from radioisotopic (Fig. 3 A) and enzymatic (Fig. 3 B) assays. The proband was unable to accumulate D-glucose at any time throughout the 60 min incubation period. Her 5 yr old brother concentrated glucose to levels indistinguishable from normal controls. The distribution ratios attained by jejunal mucosa from both parents and the half sister fell between the values obtained in the patient and her normal brother. When uptake results in these three individuals were taken as a group and compared to those in normals at the 30 and 60 min time points, their distribution ratios were significantly reduced (P < 0.01 using the Wilcoxon-Rank-Sum test) (25 0 mM) . At the times indicated on the abscissa 0.2-ml aliquots of media were analyzed for radioactivity; the initial tissue radioactivity was calculated; and the per cent radioactivity remaining at each time interval was plotted on the ordinate. The results were expressed as the mean of six observations in three normal controls bracketed by 1 SD. The mean of six observations in the three heterozygotes was superimposed.
medium, a progressive increase in radioactivity in the medium was observed and the amount of radioactivity remaining in the tissue decreased with increasing time (Fig. 4) . No difference in efflux was found in biopsy samples from the presumed heterozygotes when compared to normals, indicating that the observed impairment in glucose accumulation reflected slowed influx.
Initial rate of uptake of D-glucase by jejunal mucosa. To test the hypothesis of impaired influx and to clarify the mechanism of the transport defect, a kinetic analysis of initial D-glucose uptake by these heterozygotes was performed (Figs. 5 A and 5 B) . Biopsy specimens were incubated for 10 min over a 400-fold range of glucose concentration. In Fig. 5 A the hyperbolic function of the velocity of mediated uptake (Y) versus the substrate concentration (Af) was plotted. At all substrate concentrations above 2.0 mm, significantly impaired rates of transport were seen in the three heterozygotes (P < 0.01 obtained by Wilcoxon-Rank-Sum test). When these data were analyzed by the double reciprocal method of Lineweaver and Burk (Fig. 5 B) , a common extrapolated abscissal intercept, but different ordinate intercepts were seen. An apparent affinity constant (K.) of 4.2 mm was obtained for both normals and the heterozygote. However, the normal capacity (V.ax) of 55.5 mmoles/liter per 10 min was reduced to 41.7 mmoles/ liter per 10 min in the heterozygotes.
Intestinal uptake of D-fructose-14C. The steric specificity of the mutation was tested in vitro by investigating the uptake of D-fructose-"C (2 mM). When this sterically dissimilar monosaccharide was incubated for 30 min with jejunal mucosa the final distribution ratio for carbon-14 was similar in controls, the proband (II-9), father (1-3), mother (1) (2) , and brother (II-8) (Fig. 6 ). Tissue homogenates were studied by descending paper chromatography; 27% of applied radioactivity was found within the glucose region, 50% in the fructose region, and 23% in an unidentified region running faster than D-fructose. The chromatographic distribution of tissue radioactivity was similar in four controls and the proband. Thus the normal distribution ratio of 3.5 did not indicate transport of D-fructose against a concentration gradient. The similar uptake and cellular distribution of radioactivity did suggest that transport and metabolism of fructose by jejunal mucosa was not impaired in glucose-galactose malabsorption.
Renal glucose titration studies. Because of the functional and histologic similarity between the jejunal mucosa and the proximal renal tubular epithelium. renal glucose transport was studied using in vivo glucose titration techniques. The results of these studies are summarized in Fig. 7 (Fig. 8) . She excreted more than 1 mg of glucose/min per 1.73 m2 at all filtered loads of glucose above 82 mg/min per 1.73 m'. This wvas clearly different from the mean Fmini of seven normal controls and her brother's FminG. However. her filtered load of glucose was inadequate to define her maximum reabsorptive capacity for glucose (TMG ). At a maximum filtered load of 214 mg/min, she reabsorbed 187 mg/min, indicating that her TmG was only moderately reduced, if in fact it was depressed at all. The parents' titration curves were difficult to interpret. Although the mother's (I-2) FminG of 160 mg/min per 1.73 m" appeared reduced, it fell within 2 SD of seven normal controls. Her TmG of 341 mg-min per 1.73 m' was clearly normal. The father's (1-3) TmG was depressed below 2 SD of the normal mean and was obtained at a satisfactory filtered load of 442 mg/min per 1.73 in2. His FminG was within normal limits. Neither the parents nor their daughter could be restudied to substantiate the abnormalities observed.
DISCUSSION
Previous studies using oral glucose tolerance tests failed to detect a defect in glucose absorption in parents of children with glucose-galactose malabsorption (13). Meeuwisse and Dahlqvist studied glucose transport by jejunal mucosa in vitro in the parents of an affected child (14) . Their results suggest that the father., but (9, 14) observed that intestinal biopsy specimens from patients affected with glucose-galactose malabsorption accumulated amino acids normally (9, 14) . Since the accumulation of amino acids and hexoses into intestinal mucosa is sodium dependent, an abnormality in gradientcoupled sodium transport should affect uptake of amino acids as well as hexoses (30) . More direct evidence suggests that sodium transport is normal. Meeuwisse demonstrated that 'Na absorption in vivo and "pump ATPase" activity in vitro were normal in a patient with glucosegalactose malabsorption (14) . An abnormality at the glucose binding site is the most likely explanation for impaired glucose uptake. Several observations support this hypothesis. Recent direct evidence from microbial systems indicates that glucose binding to cell membranes involves a protein.
Anraku identified and purified a glucose-galactose binding protein from the cell wall of Escherichia coli (K-12) which was under genetic control. This purified protein is stereospecific for glucose and galactose, and bacterial mutants for this protein exhibit a reduced rate of galactose uptake (31) (32) (33) . It is reasonable to suggest that similar genetically controlled protein carrier (s) for monosaccharides might be present in man. Meeuwisse found that phlorizin, a competitive inhibitor of glucose tranpsort, failed to further decrease impaired glucose uptake by jejunal mucosa from an affected patient (14) . Schneider, Kinter, and Stirling using radioautography. found absent binding of D-galactose--1C and phlorizin-3H to a brush border preparation from another patient (7) . Despite these observations, no structural barrier or morphologic abnormality has been seen by either light or electron microscopy of the brush border from affected patients (14) . Our kinetic analysis of glucose transport by heterozygotes indicates that a single mutant glucose transport gene results in a transport mechanism with reduced capacity (Vm..). but normal affinity (K.).
This suggests a reduced number of functioning glucose binding sites, but no direct evidence for such a thesis is available in mammalian systems at this time.
The presence of abnormal renal as well as intestinal glucose transport offers further evidence for a genetically determined abnormality. Inborn errors of amino acid transport have previously demonstrated this correlation. In cystinuria, Hartnup disease, and iminoglycinuria a defect in renal tubular transport is often accompanied by impaired intestinal transport (16) (17) (18) . Our study indicates that absent glucose binding by the proband's intestinal mucosa is accompanied by only a partial defect in renal glucose transport. This finding suggests that the kidney contains glucose transport systems in addition to those in the intestine. In another inherited disease of glucose transport, renal glycosuria, a severe defect in the kidney, is unaccompanied by a defect in the intestine (24 pairs renal transport of glycine and the imino acids may not affect intestinal accumulation of these amino acids (34) . Since patients with glucose-galactose malabsorption have normal intravenous glucose tolerance tests, it seems likely that the expression of this mutation is confined to gut and kidney, two tissues which have differentiated for transport. However, direct examination of transport in other tissues such as erythrocytes, leukocytes, and fibroblasts are needed to verify this assumption.
